The inspiratory work (W JJ imposed by three commonly used demand valve ventilator circuits was studied using a lung model to simulate spontaneous ventilation. The CPU-1 and Engstrom Erica circuits recorded W/ of 379 mJII and 190 mJII respectively. A negative W/ of -32 mlll was recorded for the Servo 900C, denoting that the circuit performed work on the lung. The demand valves recorded a time delay between inspiratory effort and onset of gas flow, of 300 ms (CPU-l), 190 ms (Servo 900c) and 160 ms (Engstrom Erica). Both the Servo 9(10C and Engstrom Erica demand valves were able to generate a high inspiratory gas flow response, but the CPU-1lacked such a flow compensation. Expiratory work was also greatest with the CPU-1 (156 mlll) with 141 mlll and 90 mlll recordedfor the Servo 900C and Engstrom Erica. Of the three ventilators studied, the Servo 900C appears to be the ventilator circuit of choice for spontaneous ventilation.
The newer modes of mechanical ventilatory support such as continuous positive airway pressure (CPAP), intermittent mandatory ventilation, and pressure support ventilation, introduced an increaied use of spontaneous breathing through ventilators and special circuits. Unfortunately, the increase in the work of breathing from spontaneous ventilation is compounded by the inspiratory load imposed by ventilator circuits. This extra burden to spontaneous breathing varies according to ventilator and circuit design. I This study was undertaken to determine the additional inspiratory work of three demand valve ventilator circuits commonly used in intensive care units.
MATERIALS AND METHODS A lung model to simulate spontaneous ventilation was developed using a Cape TC 50 ventilator (Cape Engineering, England). This is a time-cycled flow generator, which delivers gas from a bellows. The bellows is emptied by a push-rod connected to a rotary flywheel driven by an electric motor. Tidal volume is set by limiting bellows expansion during the expiratory phase. Bellows expansion is facilitated by the recoil of a pair of springs attached at one end to the bellows' top. In simulating a spontaneous breath, patient inspiration was achieved by the vacuum effect created by the ventilator's expiratory phase, i.e. the bellows' cycles were reversed. The rate of bellows filling, and hence patient peak inspiratory flow, were manipulated by replacing the springs with others of different recoil strengths, In the present study, the lung model was set to simulate a patient tidal volume of 600 ml at a rate of 15/min, and with a peak inspiratory flow of about 45 lImin.
The three ventilators studied were a Servo 900C (Siemens Elema AB, Sweden), Engstrom Erica (Gambro Engstrom AB, Sweden), and Ohmeda CPU-l (ATM Pesty, France). Each ventilator was connected to turn to the bench model. All three ventilators used the same 19 mm ID corrugated tubings and humidifier (Fisher Paykel, New Zealand), which was filled with water but remained unheated. The ventilators were set to cater for spontaneous breathing with a triggering sensitivity close to 0 kPa.
Airway pressure and flow were measured simultaneously at the patient airway, using a strain gauge pressure transducer (Motorola MPX lODP) and a platinum hot wire flow transducer (Ohmeda SE 302T Corp, USA). Simultaneous pressure and flow signals were digitized at a rate of 200 per second and displayed and recorded on an oscilloscope (Gould DSO 1604). With each circuit, pressure and flow measurements were recorded over ten consecutive breaths and repeated for another tenbreath sequence. Work imposed by each ventilator circuit was derived from the pressure: flow recordings. 2 ,3 The product of pressur~ and flow (P.V) gave instantaneous power (W) at the time of recording. Power over a single breath from time to to tT was given by integration of P.V over that time. Work during that time was then derived by W= J :: W.dt Inspired tidal volume (VT) was derived from the integration of flow during the same time (i.e. inspiratory phase to to tT). Work over a single breath was then divided by the tidal volume to express imposed inspiratory work (W I ) as mJ/I of ventilation. A mean W I was calculated for both 100breath sequences.
The time delay between the start of an inspiratory effort and the onset of gas flow (tD) was measured by counting the number of 0.005s time intervals between the start of airway pressure change and the start of gas flow. W I values of the first and second ten-breath sequences were compared using Student's t test. A P value of < 0.05 was considered significant. 
RESULTS
Measurements by the lung model were consistent and reproducible. With each circuit, the model produced identical pressure and flow curves with every simulated spontaneous breath for all three ventilators. Also, exact curves for the 10 breaths were reproduced from duplicated measurements. With each ventilator, mean W I of the second tenbreath sequence was not significantly different (and varied by less than one per cent) from mean W I of the first sequence. The average of both values were therefore used.
Flow, pressure, power, and accumulative work curves of the ventilators over a full respiratory cycle are shown in Figures 2 to 5. Table 1 shows the minimum inspiratory pressure, work and tD of each ventilator circuit. The CPU-l required the greatest negative inspiratory pressure to generate a spontaneous breath ( -0.85 kPa, -8.5 cm water), and the Servo 900C required the least ( -0.24 kPa, -2.4 cm water). Computed V T of the model was 680 m!.
The CPU-l imposed the most W I (379 mJII) , with the Engstrom Erica recording a W I of 190 mJII. A small negative W I ( -32 mJII) was recorded for the Servo 900C, denoting that the system performed work on the model lung. The tD of the CPU -1 valve was considerably greater than those of the other two ventilators.
DISCUSSION
As spontaneous ventilation is now frequently used in some modes of mechanical ventilatory support, attention was focused on the breathing load imposed by circuits.4-IO Humidifiers and inspiratory demand valves are major contributors to the resistances of spontaneous breathing ventilator systems. The Fisher Paykel humidifier, in which gas passes over the water surface, has been shown to impose considerably less inspiratory work than the Bennett Cascade humidifier (Bennett Medical Equipment, USA), in which gas bubbles through water. II The present study used an experimental lung model to examine the mechanical work of breathing imposed by three commonly used demand valve ventilator circuits.
The three ventilators have different mechanisms of delivering fresh gas to the patient via demand valves, an important factor which is not often realised. During spontaneous breathing with the Servo 900C, the demand valve responds to the pressure drop produced by an inspiratory effort, and gas is directed through it from a pressurised bellows. I , 12 The CPU-l's solenoid-controlled demand valve also responds to an inspiratory pressure fall to deliver fresh gas during spontaneous breathing. 1, 12 With the Engstrom Erica, inspiratory gas enters the lower chamber of a pressure canister. Inspiration is initiated when an electrodynamic valve delivers air through an injector to the upper chamber to boost canister flow, rather like a 'bagin-bottle' system. l ,12 A downstream demand valve opens whenever spontaneous inspiratory flow exceeds the canister flow. Hence flow detection, rather than pressure change, initiates ventilator response to spontaneous inspiratory effort. Higher circuit resistances require correspondingly greater negative intrapulmonary pressures to produce given tidal volumes. The CPU-l ventilator required the highest negative inspiratory pressure. The inspiratory pressure flutter recorded by the Servo 900C (Figure 3 ) is due to servo control of the scissors-type demand valve by a rapid cycling stepper motor. A time delay (see p. 190) follows the start of a patient breath before the occluded valve opens. As gas rapidly enters the circuit, a positive pressure is recorded. The gas flow, patient inspiratory effort, circuit resistance, and the rapidly stepwise-adjusting servo valve result in an inspiratory pressure flutter. In addition, the end of spontaneous inspiration was achieved with the Servo 900C at a positive pressure, indicating that the provided flow exceeded patient demand. This was also seen with the Engstrom Erica, but to a lesser extent. It follows that a high inspiratory flow response is achieved by a 'gas boost' design, with the Servo 900C's pressurised bellows being superior to the Engstrom Erica's pressure canister. The CPU-I, however, lacks any such flow compensation for valve and circuit resistive load.
Wr for a single breath can be appropriately expressed in terms ofmJ or mJ/l of inspiration. The greatest Wr value (379 mJ/l) was seen with the CPU-I. 'Normal' work in breathing directly from The time delay between initiation of inspiratory effort and onset of inspiratory gas flow, to, reflects the efficiency of the demand valve, and contributes to W 1 . The Engstrom Erica recorded the shortest to of the three ventilators (160 ms), slightly less than that of the Servo 900C (190 ms). This may be explained by the Engstrom's valve opening mechanism, which is flow rather than pressure activated. In contrast, the CPU-I recorded a to of 300 ms. The present lung model successfully simulated spontaneous breathing. A simulated peak inspiratory flow of 45 Umin was chosen as it approximates to those of stable weaning patients. 5 Our model was not able to produce physiological expiratory flows. However, this did not affect the experiment as it aimed fundamentally to look at work imposed during inspiration. Although expiratory work computed from the model may be artificially high, the values recorded are still useful as comparisons between the ventilators. The Engstrom's expiratory valve assembly consists of a balloon connected to the pressure chamber. Expiration starts when pressure in the chamber falls below airway pressure, causing the balloon to deflate and allowing expired gas to escape. The Servo 900C's expiratory valve is a servo-controlled scissors valve similar to the inspiratory demand valve. Expiration in the CPU-I is directed through a one-way membrane valve. In relative terms, the CPU-I's expiratory valve imposed the most expiratory work (156 mJ/I). The Servo 900C and Engstrom Erica valves imposed expiratory work of 141 mJ/I and 90 mJ/I respectively (Table I) . Our study was not designed to examine work of breathing expanded against the patient's own compliance and resistance.
Estimation of W 1 by integration of P:V over the inspiratory phase is a good alternative technique to planimetric measurement of the inspiratory area of pressure-volume loops ( Figure 6 ). Previous reports using the latter method have overestimated W 1 of the Servo 900C in CP AP mode by excluding work performed by the system on the lung ( Figure 6 ).5,7 Simultaneous recording of pressure and flow every 0.005s also simplified determination of the time delay from inspiratory effort to onset of gas flow.
In conclusion, three commonly used ventilator circuits imposed varied inspiratory work during simulated spontaneous ventilation, due to different designs in demand valves and gas delivery. The Servo 900C and Engstrom Erica ventilators which have an assist effect to produce a high gas flow response, compensate to some extent for circuit impedance. Indeed, the mode of pressure support ventilation has been advocated for this purpose. 13 Although not designed to examine expiratory work, the present study found that the CPU-l ventilator also imposed the most expiratory work. Clinicians should consider the breathing load imposed on their patients by ventilator circuits when they initiate spontaneous ventilation. From this study, the Servo 900C ventilator appears to be the circuit of choice.
